The growth response of freshwater bacteria from the St. Lawrence River, exposed to brackish waters (salinity of 0 to 20‰) from the upper estuary, was assessed by a methodology requiring the combined use of dilution cultures and diffusion chambers. The longitudinal distribution of bacterial abundance in waters within this salinity range was also examined. Growth of the freshwater bacteria was reduced by 15 and 50% after exposure to salinities of 10 and 20‰, respectively. At lower salinities, no growth reduction was observed, and at a salinity of 2‰, growth was even stimulated. Longitudinal distribution data showed that bacterial abundance also peaked at this salinity. In contrast with an earlier hypothesis, this study shows that the decline of bacterial abundance in the low-salinity waters of the estuary is not caused by salinity-related mortality of freshwater bacteria, because the mixing time between fresh and marine (>20‰) waters is relatively long (days). However, results suggest that mortality of freshwater bacteria can be an important process in estuaries with shorter mixing times (hours). The combined use of diffusion chambers and dilution cultures proved to be a valuable methodology for assessing growth (or mortality) of bacteria exposed to environmental gradients.
Low-salinity (Ͻ10‰) estuarine areas have been identified as regions of severe physiological stress for both freshwater and marine organisms (10) . These waters are also important sites for biological and chemical reactions (16, 18) . The impact of these processes on bacterial dynamics has never been well documented. Morris et al. (18) hypothesized that mass mortality of freshwater phytoplankton results in a build-up of easily degradable dissolved organic matter, which, in turn, supports localized and active bacterial populations. Therefore, low-salinity estuarine waters should favor bacterial growth and metabolism.
However, there is field and experimental evidence suggesting that bacterial activity is adversely affected at low salinity, in particular because of low halotolerance of freshwater bacteria. In the Tamar Estuary, Mantoura (16) reported a drastic drop in glucose heterotrophic activity between salinities of 0 and 5‰. In a study on the survival of freshwater bacteria, Valdés and Albright (25) observed that when water from the Fraser River (British Columbia, Canada) in diffusion chambers was placed in water from the Strait of Georgia (British Columbia, Canada), glucose heterotrophic activity was destroyed by the time the salinity had increased to 3‰. Spread plating water samples onto marine and freshwater nutrient media showed that only a small proportion of freshwater bacteria were salinity tolerant. Using a similar technique, Prieur et al. (22) showed that halophobic bacteria made a significant proportion (up to 50%) of freshwater bacterial communities in the Gironde River (France).
In the St. Lawrence Estuary, previous studies have shown that heterotrophic activity and bacterial abundance decrease sharply between salinities of 0 and 10‰ (19) (20) (21) . Painchaud et al. (19) have observed that thymidine incorporation by the bacteria of St. Lawrence River water contained in a diffusion chamber was depressed by exposure to water with a salinity of 5‰. These observations led to a conceptual model for the dynamics of estuarine bacteria, of which a major feature was the hypothesis that freshwater bacteria die at low salinity (19) . The objective of this study was to test this particular aspect of the model by (i) describing in greater detail than previously, the longitudinal distribution of bacteria in low-salinity waters (Ͻ10‰) and (ii) quantifying the growth response of freshwater bacteria exposed to brackish water. The growth response was assessed by carrying out dilution cultures (6, 11) of freshwater bacteria in diffusion chambers immersed in estuarine water. In parallel, control cultures were run in chambers immersed in freshwater.
MATERIALS AND METHODS
Sampling and experiments took place in June through September 1988. Estuarine water was collected at the head of the St. Lawrence Estuary, and freshwater (salinity of 0.1 to 0.2‰) was taken well above the upper limit of salinity intrusion (Sta. 1 [ Fig. 1]) . Salinity was measured with a Beckman RS-5 salinometer. In order to describe the longitudinal distributions of bacteria, samples were collected along the salinity gradient (0 to 10‰) during the last three experiments shown (10 August, 20 August, and 5 September [see Table 1 
]).
Dilution cultures. Dilution cultures were prepared by adding unfiltered to filtered water in a proportion of 1:4. Corresponding natural cultures consisted of unfiltered water. The cultures were kept at room temperature (22ЊC), which was close to the water temperature in the St. Lawrence River at the time of sampling (22 to 24ЊC). Filtered, bacterium-free water was obtained with 0.22-m-pore-size Millipore filters, which remove bacteria more efficiently than other filters. They minimize the problem raised by Li (13, 14) of the presence of bacteria in ''bacterium-free'' water. This problem is especially acute at high dilutions, which were not used in the present study. Bacteria were counted by epifluorescence microscopy after staining with acridine orange (8) .
Growth rate was derived from the rate of increase (r) of bacterial numbers observed in pairs of cultures, i.e., one diluted (r d ) and one natural (r n ). These rates were obtained from time course measurements of bacterial abundance (N) over the exponential segment of the growth curve (five or six samples over 30 to 40 h [see Fig. 5 ]), using r ϭ (ln N t Ϫ ln N o )/t. The observed rates reflect growth () and predation (g) occurring in the cultures. These two unknowns were resolved with equations r n ϭ Ϫ g, and r d ϭ Ϫ X g , where X is the dilution factor of the diluted culture (volume of natural water per final volume).
Diffusion chambers. The dilution cultures were carried out in diffusion chambers similar to those described by Valdés and Albright (25) . The diffusion chambers were glass cylinders (1.4 liters) with a capped opening midway along the cylinder to allow sampling of the chamber. Each chamber was closed at both ends with a 142-mm-diameter, 0.2-m-pore-size Nuclepore membrane, held in place between two Plexiglas retainers. Teflon O rings ensured watertightness. Leaks were checked by slowly immersing each empty chamber in estuarine water and allowing them to gradually fill via the Nuclepore membranes at each end. Samples were taken for epifluorescence counts, and no bacteria could be observed. This result confirmed that there was no infiltration of bacteria. The chambers and all glassware were autoclaved before use.
Experimental protocol. The experimental protocol is summarized in Fig. 2 . All cultures consisted of freshwater collected in the St. Lawrence River, upstream of the upper limit of salt intrusion. Cultures were conducted in diffusion chambers. In each experiment, a control pair and an experimental pair of cultures were immersed in fresh and estuarine water, respectively, contained in 25-liter plastic vessels. Experiments were carried out with water of salinity of 0, 2, 5, 10, and 20‰. Mortality caused by exposure of freshwater bacteria to estuarine water was defined as the difference between s obtained from the experimental and control pairs of cultures.
RESULTS AND DISCUSSION
Longitudinal distribution. Bacterial concentrations peaked at low salinity (1 to 3‰) immediately downstream of the freshwater zone and then decreased down the estuary (Fig. 3) . The decline of abundance with increasing salinity is consistent with the pattern observed in a previous study in the St. Lawrence Estuary (19, 21) . Similar gradients were reported in the estuaries of the Fraser (1) and Gironde (22) Rivers. However, the peak in low-salinity waters was not observed in our previous study, possibly because of poor sampling resolution in this salinity range. In the spring (May), Lovejoy et al. (15) found no significant changes in bacterial abundance across this salinity range. The peaks correspond to the salinity range where the growth of freshwater bacteria was stimulated in experiments with diffusion chambers (see ''Experimental results''). Spatially, they also coincide with the core of maximum turbidity of the St. Lawrence Estuary (4). Distinct counts for free and attached bacteria were not taken in this study, but it was qualitatively observed that the number of attached bacteria was higher in these samples, which is consistent with other, more precise counts from the same area (unpublished data). These peaks may result from accelerated growth, reduced grazing losses, or more likely, from an influx of bacteria associated with particulate matter.
Experimental results. Diffusion of salt within diffusion chambers was rapid. Equilibrium between outside and inside water was reached within 24 h, but diffusion was nearly complete within 5 h (Fig. 4) .
A replication experiment (all chambers immersed in freshwater) was first carried out, in order to check the magnitude of variability caused by the manipulations and experimental setup. Results showed that the evolution of bacterial concentrations with time in duplicate chambers had identical patterns (Fig. 5) . The difference in growth rates between pairs of chambers was 0.005 h Ϫ1 (Table 1) . This difference provides a value for assessing the significance between control and experimental treatments.
Diffusion experiments were then carried out. Results in Table 1 indicate that no mortality resulted from exposure to water with a salinity of Ͻ10‰. The growth of freshwater bacteria was even stimulated by ca. 50% [(⌬/ control ) ϫ 100] at a salinity of 2‰. At a salinity of 5‰, no effect could be detected, ⌬ (0.006 h Ϫ1 ) being of the same order as that observed in the replication experiment. Slight (15%) and more drastic (50%) mortality was observed at salinities of 10 and 20‰, respectively. One additional experiment was carried out to assess the response of estuarine bacteria to freshwater. Diffusion chambers with water with a salinity of 5‰ were im- mersed in freshwater. The difference between growth rates in the experimental treatment was of the same order (⌬ ϭ 0.005 h Ϫ1 [ Table 1 ]) as that observed in the replication experiment and was not considered significant.
Results show that freshwater and estuarine bacteria can be exposed to brackish water (with a salinity up 10‰) and freshwater, respectively, with no significant negative effects on growth rates. Stimulation of bacterial growth is even suggested by the experiment with a salinity of 2‰. Incidentally, such a feature is consistent with the hypothesis of Morris et al. (18) , but the sequence of events leading to this stimulation is unclear. Morris et al. (18) hypothesized that elevated bacterial activity was caused by a sequence of processes starting with mass mortality of freshwater phytoplankton, resulting in a continuous release of dissolved substrates easily utilized by bacteria. However, work subsequent to that study has shown that freshwater phytoplankton are resistant to low-salinity waters (3, 9) . Zutic and Legovic (27) have reported the existence of a condensed organic film at the freshwater-seawater interface of a salt wedge estuary, which could lead to elevated bacterial activities. However, the existence of such a film is not likely in the St. Lawrence Estuary, because of the intensity of physical dispersion. So, at present, the causes of bacterial stimulation at a salinity of 2‰ are unknown. Results also show that when exposed to higher-salinity waters (Ͼ20‰), freshwater bacteria exhibited significant mortality.
These observations have three implications. First, results in Table 1 do not support the hypothesis that freshwater bacteria die in low-salinity waters. Alternative hypotheses involve dilution and predation. In the St. Lawrence Estuary, bacterial abundance in marine waters is 1 order of magnitude less than in freshwaters (19, 21) . Dilution of the freshwater bacterial community by estuarine mixing thus contributes to part of the decline observed in low-salinity waters. Another major process could be predation by planktonic protozoan grazers, described by Lovejoy et al. (15) , and by the abundant epibenthic microfauna (flagellates, ciliates, and entoprocts) of extensive tidal marshes in the area (24a) .
A second implication is that salinity-related mortality could nevertheless be an important process regulating bacterial abundance in some estuaries. Wherever the mixing of fresh and marine waters (salinity of Ͼ20‰) takes place at a temporal scale of the same order as that of our diffusion experiments (i.e. hours) (Fig. 4) , mortality of freshwater bacteria is likely to be important. Valdés and Albright (25) and Prieur et al. (22) reported evidence that freshwater bacterial communities include a large proportion of halophobic bacteria. In short estuaries, with rapid mixing of fresh and marine waters, it may be hypothesized that many of the halophobic bacteria die upon rapid exposure to marine waters. Their disappearance would be reflected in total bacterial numbers, which could explain the rapid decline of bacterial abundance observed in some estuaries, e.g. the Gironde River Estuary (22) . However, in long or low-energy estuaries where mixing is slow (days), halophobic species would be progressively replaced by halotolerant ones, probably without much impact on total bacterial abundance. For example, in the Neuse River Estuary (North Carolina), which is of the salt wedge type, bacterial abundance increases in low-salinity waters (3) .
The third implication is methodological. In low-salinity waters, bacterial communities are far from homogeneous, with species composition changing from fresh-to marine waters (22, 25) . Bacterial dynamics are particularly complex and cannot be resolved from field studies only. It is important to go beyond, for example, measurements of total bacterial abundance or thymidine uptake, and to determine specific bacterial responses to estuarine mixing. The approach used in the present study, combining two well-known techniques, i.e., dilution cultures and diffusion chambers, proved simple, inexpensive, and efficient, since it allowed assessment of the response of a specific bacterial population, i.e. the freshwater bacteria, to salinity stress. Diffusion chambers have been successfully applied to the study of the survival of enteric bacteria in marine environments (2, 12, 17, 23, 26 ). The present study shows that they could also be extremely useful to investigate responses of indigenous bacterial communities to natural (e.g., salinity [25] Another advantage of the present approach is that dilution cultures give direct estimates of growth rates. Alternative techniques, such as thymidine uptake, neccessitate the use of a conversion factor that varies by more than 2 orders of magnitude (5) . Variability of this factor may be particularly important in estuaries, where species composition and physiological state of bacterial communities cannot be assumed to be constant. There is also evidence that thymidine uptake reflects metabolic processes besides growth (24) . The present approach has disadvantages inherent to confinement and filtration. Confinement terminates exchange of nutrients and metabolites with surrounding water and may cause significant changes in species composition (7) . However, in diffusion chambers, such exchanges take place, although at a reduced rate, and confinement effects are attenuated. In spite of this restriction, dilution cultures combined with diffusion chambers should be regarded as a useful tool for complementing field studies of bacterial dynamics.
In conclusion, our study shows that salinity-related mortality of freshwater bacteria is not an important process in the St. Lawrence Estuary but could be significant in estuaries where freshwater is mixed with waters with higher salinity (Ͼ20‰) at a time scale of hours. Conducting dilution cultures in diffusion chambers proved successful in studying the response of bacterial communities to the exposure to estuarine water. This approach could be applied to other exposure-type problems, such as the response of microbial communities to industrial or municipal effluents.
